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ABSTRACT
We explore the prompt magnetar progenitor scenario in the context of fast radio burst (FRB) host
galaxies demographics and offset distributions. Magnetars are neutron stars with strong magnetic
fields on the order of 1015 G with a short decay lifetime of less than 104 years. Due to their extremely
short lifetimes, magnetars should follow the demographics of galaxies according to their current star-
formation rate (SFR). Moreover, we hypothesize that magnetars should follow the SFR profile within
galaxies, which we assume to follow an exponential profile. We construct a simple model for the host
galaxies of magnetars assuming these events track SFR in all galaxies and compare it to observed
properties from a sample of 10 secure FRB hosts. We find the distribution of observed SFRs is
inconsistent with the model at > 95% c.l. The offset distribution is consistent with this scenario;
however, this could be due to the limited sample size and the seeing limited estimates for the effective
radii of the FRB host galaxies. Despite the recent association of an FRB with a magnetar in the
Milky Way, magnetars may not be the only source of FRBs in the universe, yet any other successful
model must account for the demographics of the FRB host in SFR and their observed galactocentric
offsets.
1. INTRODUCTION
Fast radio bursts (FRBs) are coherent GHz millisec-
onds duration pulses (see Petroff et al. 2019; Cordes &
Chatterjee 2019, for recent reviews). To explain these
enigmatic millisecond-duration radio flares, a whole suite
of theories have been proposed ranging from the collision
of asteroids with neutron stars to magnetars (see Platts
et al. 2019, for a compilation of the current theories).
While more than ∼ 100 FRBs have now been detected
(Petroff et al. 2016)1, only a dozen have been accurately
localized and associated with a host galaxy (Bhandari
et al. 2020; Heintz et al. 2020)2. If the previous history
with other transient classes holds (e.g. Fong & Berger
2013; Lunnan et al. 2014; Schulze et al. 2020; Blanchard
et al. 2016), studying the host galaxy properties and the
physical offsets may be critical to constraining the likely
progenitor channels of FRBs.
The first host galaxy detection of an extragalactic
FRB, FRB 121102 in a starburst galaxy at z = 0.1927
(Chatterjee et al. 2017; Tendulkar et al. 2017), showed re-
markable similarities with galaxies hosting long-duration
gamma-ray bursts (LGRBs) and superluminous super-
novae (SLSNe), motivating a scenario where FRBs are
1 Published online here: http://frbcat.org.
2 See also http://frbhosts.org.
produced by young, millisecond magnetars (Metzger
et al. 2017). However, later studies revealed that the host
galaxy of FRB 121102 is anomalous compared to most
other FRB hosts, which are typically massive galaxies
with modest star-formation rates (Bhandari et al. 2020).
These global properties are more consistent with the
hosts of short-duration GRBs (SGRBs) and core-collapse
or Type Ia SNe (Li & Zhang 2020). The observed large
physical offsets of FRBs relative to their host galaxy cen-
ters also support the latter scenario, with most bursts ap-
pearing to occur in the lower surface brightness regions
of their hosts (Heintz et al. 2020). These results demon-
strate that FRBs are produced in a variety of host galaxy
environments. If they all originate from magnetars, this
also suggests that they may be produced through a range
of progenitor channels, as various channels have different
expectations for host galaxy demographics (Nicholl et al.
2017; Margalit et al. 2019), or via a single progenitor,
which can accommodate a diverse range of host prop-
erties (e.g., delay time distributions) and galactocentric
offsets.
The typical large offsets observed in the case of SGRBs,
however, is attributed to binary neutron stars that are
born with significant velocities up to hundreds of km s−1
traveling for tens of Myr to several Gyr to reach such far
distances from their host galaxies (Fong & Berger 2013;
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2Zevin et al. 2019). The same logic cannot be applied to
FRBs assuming that they originate from prompt magne-
tars, since their large magnetic field strengths (B & 1014
G; Kouveliotou et al. 1998) should decay on the decay-
lifetime of no more than τ ∼ 104 years (Colpi et al. 2000;
Dall’Osso et al. 2012; Vigano` et al. 2013; Beniamini et al.
2019). This short active lifetime limits the magnetars’ lo-
cation to their birthplace. In the context of the prompt
magnetar scenario, the observed large physical offset dis-
tribution of FRBs can, therefore, only be accounted for
if there is a non-negligible probability for the magnetar
to be born at their observed location.
In this Letter we test this scenario with a simple model
for the host galaxy population of magnetars. In § 2 we
describe our method to estimate the probability of ac-
counting for the observed offset of FRBs given their short
lifetime, and in § 3 we present our results. In § 4 we dis-
cuss the role of natal kicks and show its irrelevance in
the context of magnetar engine interpretation of FRBs,
unlike that of SGRBs. Finally, in § 5 we discuss the
implications of the offset data for the progenitors of the
FRBs and conclude on our work.
2. DATA AND METHODS
In this work, we adopt the FRB host galaxy stellar
population properties derived by Heintz et al. (2020).
For our analysis, we only include the 10 most secure
host galaxies in their Sample A, excluding FRBs 181112,
190614D, and 190523, which have less robust host asso-
ciations. The basic properties of these hosts, such as the
redshift, stellar mass M?, star-formation rate (SFR), and
the effective radius Re are summarized in Table 1. We
note that approximately half of the hosts exhibit LINER-
like line-emission that may imply an over-estimate of the
true SFR, which were primarily derived from Hα fluxes
(Heintz et al. 2020). We further note that the Re values
were derived primarily from seeing-limited observations,
and the true measures may be systematically smaller.
Here, we also include the measured projected physical
offsets of the FRBs relative to their host galaxy centers.
We then compare the observed distribution of the FRB
host galaxies, in terms of their stellar mass, SFR, and
their offset distribution, with theoretical expectations
based on the prompt magnetar progenitor model. To
do so, we take the following steps:
i. At a given redshift, we sample the distribution from
the halo mass function (Tinker et al. 2008). We
limit our sample to halos with dark matter halo
mass Mh > 10
10M.3
ii. We assign to each halo a stellar-mass following the
stellar-mass to halo-mass relation derived in halo-
abundance matching techniques (e.g., Behroozi
et al. 2013).
iii. To each galaxy we assign a star formation rate
3 We use HMF Python package to perform sampling from ther
halo mass function. https://ascl.net/1412.006
(SFR) based on the SFR-M? relation of main-
sequence star-forming galaxies from Whitaker et al.
(2012).
iv. We apply the model assumption that the FRB host
galaxies are selected according to their SFR. This is
based on the assumption that since magnetars orig-
inate from massive stars, they will occur in galax-
ies with active star formation. Therefore, for each
host, we assign a weight (wi) to each galaxy (i)
proportional to its SFR.
v. We probabilistically consider a fraction of galaxies
to be quenched based on their stellar mass follow-
ing fits to the results presented in Behroozi et al.
(2019). The quenched galaxies are then removed
from the sample.
vi. We subsequently construct the cumulative distri-
bution function (CDF) of the stellar mass distribu-
tion of all the galaxies at a given redshift.
vii. We compare this global CDF to the corresponding
CDF of the FRB hosts through a two sample KS
statistics and repor the associated p-values.
3. RESULTS
A comparison of the inferred stellar mass and SFR dis-
tributions of the FRB hosts with the theoretical expecta-
tion of the global population of the galaxies in different
redshift bins is shown in Figure 1. The uncertainty re-
gions shown on the CDFs take into account both the
uncertainty on each measurement and from the sample
size (following Heintz et al. 2020, see also Palmerio et al.
2019). The models assume that FRB hosts track the
SFR-weighted M? and SFR distribution of field galax-
ies. We report the p-values from a two-sample KS test
between the observed FRB sample in SFR and stellar
mass, and their expected theoretical distribution based
on the scaling relations. The overall distribution of M?
in FRB hosts are roughly consistent with the global CDF
of the underlying galaxy population, here considered at
z ∼ 0.1, 0.25, and 0.4 (which represents the mean and
1-σ c.l. of the FRB redshift distribution). The distri-
bution of SFRs in FRB hosts are, however, inconsistent
with the magnetar model at > 95% c.l. at all redshifts. A
prompt magnetar origin for most FRBs is thus difficult
to reconcile with the current data.
Next, we analyze the offset distribution of the FRBs
with the local distribution of SFR within galaxies. For
this analysis, we further assume that the SFR in these
galaxies follows an exponential profile. The probability
of a magnetar to be born at a projected distance & r
from the host galaxy’s center is computed as:
p =
∫∞
r
re−r/Redr∫∞
0
re−r/Redr
. (1)
We construct a CDF for r/Re and compare this to the
observed distribution of the host-normalized offsets r/Re
3Table 1. FRB host galaxy properties.
FRB host zFRB M? SFR Offset Reff
(109 M) (M yr−1) (kpc) (kpc)
121102 0.1927 0.14± 0.07 0.15± 0.04 0.6± 0.3 0.7± 0.1
180916 0.0337 2.15± 0.33 0.06± 0.02 5.5± 0.1 3.6± 0.4
180924 0.3212 13.2± 5.1 0.88± 0.26 3.4± 0.6 2.7± 0.1
190102 0.2912 3.39± 1.02 0.86± 0.26 2.0± 2.0 4.4± 0.5
190608 0.1178 11.6± 2.8 0.69± 0.21 6.6± 0.6 2.8± 0.2
190611 0.3778 ∼ 0.8 0.27± 0.08 11± 4 2.1± 0.1
190711 0.5220 0.81± 0.29 0.42± 0.12 3.2± 2.8 2.9± 0.2
190714 0.2365 14.9± 7.1 0.65± 0.20 1.9± 0.6 3.9± 0.1
191001 0.2340 46.4± 18.8 8.06± 2.42 11± 1 5.5± 0.1
200430 0.1600 1.30± 0.60 ∼ 0.2 3.0± 1.6 1.6± 0.5
Note—The stellar masses M? reported here are computed from SED modeling of the photometry for each host galaxy. The
SFRs are derived based on the integrated Hα line flux (except for the host of FRB 200430 for which we adopt the SFR from the
best-fit SED model). The offsets represent the host-burst separation and the effective radii are derived from Galfit analyses.
For more detail, see Heintz et al. (2020) from which all measurements are adopted.
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Figure 1. Comparing the CDF of FRB host galaxies to the expected global distribution of galaxies at different redshift
bins. Left panel : Comparing the CDF for the stellar mass M? distribution. The black line shows the corresponding
CDF of the inferred values from FRB hosts, while the gray region indicates the 68% credible interval. The colored
lines show the theoretical expectation of the global population of galaxies at different redshift bins. The corresponding
KS test p-value when compared to the median of the CDF is indicated in the legend for each line. Right panel: The
same shown but for SFR distribution which is our model for the host population of magnetars as these are expected
to follow the recent star formation distribution. Even for z = 0.1, this model over-predicts the observed SFRs of the
FRB host galaxies. In all panel the yellow lines are constructed by combining the individual CDF for each FRB host
galaxy given the redshift, which closely follows the CDF theoretical CDF constructed based on the median redshift of
our sample.
of the FRBs in Figure 2. The red line shows the ex-
pected theoretical CDF for r/Re of magnetars in this
model. The solid black line shows the distribution of
the 10 FRBs, where we arrive at a p-value of 0.71 when
compared to the model. This indicates that with the cur-
rent data, the offset distribution is consistent with being
drawn from the exponential profile.
Therefore, while the host galaxy model that we have
constructed here shows tension in terms of the global
population, the data are consistent with the simple ex-
pectation for the local distribution. We caution, how-
ever, that the Re values adopted for this analysis may
be systematically too large as they were derived almost
entirely from ground-based imaging.
4. DISCUSSION
An important aspect to consider is whether the natal
kicks by which the magnetars are born can help explain
the offset for the case where the magnetar decay lifetime
is short. The distance a magnetar can travel within its
decay-lifetime is:
d ≈ 10−5( v
100 km s−1
)(
τ
100 yr
) kpc, (2)
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Figure 2. Comparing the offset distribution of the FRBs
to the expected distribution of the magnetars assuming
they follow an exponential profile within galaxies. The
red line shows the expected theoretical CDF for r/Re of
the magnetars. The solid black line shows the distribu-
tion of the 10 FRBs. At the moment, the offset distribu-
tion is consistent with being drawn from the exponential
profile. However, if future host detections result in a
similar distribution to the current 10 FRB host offset
distribution, the magnetar model would be incompatible
with statistical significance.
This means that assuming a lifetime of τ = 104 years
and natal kicks of 103 km s−1, a magnetar can only reach
≈ 10−2 kpc from its birth site. The offset distribution of
magnetars is, therefore, solely determined by their birth
sites.
While there is a clear inconsistency in the expected
global host demographics in SFR and the observed FRB
host galaxies, we find that the projected offsets are not in-
consistent with the predicted locations of magnetar birth
sites. This tension may be resolved with a larger sample
of well-localized FRBs, i.e. the consistency may primarily
reflect the limited sample size. Sampling from the cur-
rent distribution of the offset distribution and increasing
the sample size to more than 50 would point to an incon-
sistent distribution of the FRB hosts and the assumed
exponential profile. In this case, at least some FRBs
may instead be produced through a “delayed channel”,
in which the delay times involved are significant com-
pared to prompt magnetar or massive star progenitor
channels (up to several Gyr; Nicholl et al. 2017). Such
is the case for short GRBs; indeed, their locations are
not consistent with exponential disk profiles, nor the dis-
tribution of stellar mass or star formation within their
hosts (Fong & Berger 2013). This has been interpreted
as the result of a combination of natal kicks to their neu-
tron star progenitors, and the range of expected merger
timescales (Paterson et al. 2020). If FRB locations and
hosts exhibit similar properties, this would indicate that
some FRBs could still originate from magnetars, but via
a “delayed” channel (Margalit et al. 2019; Zhong & Dai
2020). In future work, we will examine the required delay
times for such a scenario to make the magnetar interpre-
tation still be viable.
Lastly, the recent association of FRB 200428 with
a magnetar SGR 1935+2154 in the Milky Way (The
CHIME/FRB Collaboration et al. 2020; Bochenek et al.
2020), seems to somewhat challenge these results. How-
ever, FRB 200428 is two orders of magnitude fainter than
the weakest extragalactic FRBs, although it is still possi-
ble that this magnetar produced a burst that constitutes
the faint end of the extragalactic FRB sources. Such
weak FRBs would reach the detection limit of current
facilities if they originated at redshifts z > 0.1, and are
therefore impossible to detect at cosmological distances.
Our current model could be further improved from dif-
ferent aspects: 1) allowing for separation of the repeaters
and non-repeaters, which we have avoided in this work
due to the limited sample size; 2) assuming other in-
ternal galaxy properties (e.g., metallicity) influence the
progenitor model; 3) comparing to the observed SFR dis-
tribution in FRB hosts instead of adopting a simple expo-
nential profile; 3) investigating the uncertainties and sys-
tematics related to the SFR estimates, especially between
those adopted for the FRB host galaxies (derived primar-
ily from slit spectroscopy of Hα; Heintz et al. 2020) and
those from the literature; and 4) examination of other ob-
served galaxy properties that may be expected to trace
prompt magnetars (e.g., age). These will be the focus of
future works, especially as the FRB host galaxy sample
will inevitably increase with the onset of new or upgraded
discovery experiments.
5. CONCLUSIONS AND OUTLOOK
Here, we have examined the demographics and galac-
tocentric offsets of FRBs based on the global properties
of their hosts to test the assumption that the majority
of these bursts are produced by prompt magnetars.
Based on the M? and SFR distribution of the most
recent sample of 10 securely identified FRB host galax-
ies, we here showed that there is an apparent tension
between the observed distributions and theoretical ex-
pectations of galaxies hosting active magnetars. Due to
their short decay-lifetimes, active magnetars would be
expected to follow star formation, which is inconsistent at
> 95% c.l. with the observed distributions of FRB hosts.
Alternatively, we found that the host-normalized offset
distribution of the current sample of FRB hosts cannot
rule out the scenario where FRBs originate from mag-
netars. This consistency could be due to limited sample
size at hand. With the current cadence of ∼ 5 arcsecond-
localized FRBs per year (for now, mainly delivered by
ASKAP/CRAFT, Macquart et al. 2010) allowing for
a secure host galaxy association, a sample of 100 FRB
hosts would first be obtained in ∼ 20 years. Such a large
sample size would be sufficient to test more sophisticated
models for the galaxy populations of assumed progenitor
models.
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